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We argue that the experimentally easily accessible optical absorption spectrum can often be used to distin-
guish between a random alloy phase and a stoichiometrically equivalent core/shell realization of ensembles of
monodisperse colloidal semiconductor quantum dots without the need for more advanced structural character-
ization tools. Our proof-of-concept is performed by conceptually straightforward exact-disorder tight-binding
calculations. The underlying stochastical tight-binding scheme only parametrizes bulk band structure prop-
erties and does not employ additional free parameters to calculate the optical absorption spectrum, which is
an easily accessible experimental property. The method is applied to selected realizations of type-I Cd(Se,S)
and type-II (Zn,Cd)(Se,S) alloyed quantum dots with an underlying zincblende crystal structure and the
corresponding core/shell counterparts.
PACS numbers: 73.22.Dj, 78.67.Hc, 71.35.Cc, 71.23.-k
I. INTRODUCTION
It is well established that the optoelectronic proper-
ties of colloidal semiconductor quantum dots (QDs, also
known as semiconductor nanocrystals) can be tuned by
means of alloying, i.e., the use of solid solutions of a mul-
titude of compounds. These alloyed systems exhibit a
usually complicated and nonlinear combination of the
material properties of their constituents. As an example,
it is possible to vary the stoichiometry of few-nanometer
sized (Cd,Zn)(Se,S) alloyed QDs to shift the optical gap
over the visible spectral range.1 To make the distinction
between a randomly alloyed QD and the corresponding
stochimetrically equivalent core/shell counterpart is dif-
ficult, especially for small diameters of the nanocrystals.
It has been shown that rather sophisticated character-
ization tools like Raman spectroscopy can be used to
confirm the presence of solid-solution nanocrystals,2 as
well as partial alloying.3 However, an identification based
on an optical measurement (such as the UV-vis absorp-
tion spectrum) would clearly be advantageous due to
the simplicity of the approach. Also, it would circum-
vent the need for a modification and re-interpretation of
the already rather involved bulk Raman selection rules
for nanosized systems with complicated boundary condi-
tions.
In a recent publication,4 we have shown for the exam-
ple of Cd(Se,S) that alloyed semiconductor QDs show fin-
gerprints in their absorption spectrum that can be traced
back to the inherent breakdown of point group symme-
tries in random systems, which subsequently leads to a
lifting of selection rules. We further pointed out that
these features can be reproduced and analyzed by means
of conceptionally simple stochastic tight-binding (TB)
a)Electronic mail: dmourad@itp.uni-bremen.de
simulations that emulate the disorder degree of freedom
on finite ensembles. Moreover, we concluded that a fea-
sible analysis is already possible on a single-particle level
including the light-matter coupling in the dipole approx-
imation.
In the present work, we will explore whether simi-
lar calculations can be used in general to unambigu-
ously identify randomly alloyed QDs—as opposed to
their stoichiometrically identical but phase-separated
core/shell counterparts—by their linear absorption spec-
trum. The method is applied to type-I Cd(Se,S) and
type-II (Zn,Cd)(Se,S) alloyed quantum dots; the latter
will be compared to core/shell realizations with a CdS
core and a ZnSe shell and vice versa. We restrict our
discussion to QDs with a diameter of d ≈ 3 nm, which
corresponds to 5 conventional lattice constants of the
zincblende crystal structure for the materials under con-
sideration.
II. THEORY
The underlying theoretical framework of the here em-
ployed stochastic TB approach has already been ex-
plained in detail in Ref. 4 and the references therein.
Therefore, we will here only give a brief outline of the
most relevant features and will put more emphasis on
eventual modifications and simplifications which are re-
quired to cope with the numerical complexity of the task
at hand.
A. Tight-Binding Model
The empirical bulk TB approach employed in this
paper is based on a parametrization of eight Wannier-
like orbitals |Rα〉 ⊗ |σ〉, where α ∈ {s, px, py, pz}, σ =
{↑, ↓} and R labels the underlying fcc lattice sites
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2of the zincblende structure.5 In this approach, non-
vanishing tight-binding matrix elements (TBME) of the
bulk Hamiltonian 〈Rα|Hbulk |R′α′〉 up to the second
nearest neighbor shell are used to accurately reproduce
the dressed electronic band structure of one conduction
and three valence bands per spin projection throughout
the whole Brillouin zone in accordance with input from
experiment or ab initio quasiparticle calculations. The
corresponding input parameters for CdS, CdSe and ZnSe
as well as their original sources can be found in Table I.
B. Simulation of randomly alloyed and core/shell QDs
For the randomly alloyed AxB1−x QDs, the site-
diagonal TBMEs of the pure constituents are determined
stochastically, where the probability of using an A or
B TBME is given by the respective compositions x and
1 − x. To cover relevant portions of the visible spec-
trum, 100 electron and 1000 hole energies ei,n, hi,n and
TB wave functions ψ
e/h
i,n are obtained by means of exact
diagonalization, where n labels the different microstates
(mimicking the individual QD in a large sample). The
term “microstate” is here used as common in statistical
physics and designates a specific microscopically identi-
fiable configuration of an alloyed QD that is character-
ized by the exact spatial distribution of the lattice sites
with either A or B material. This procedure is then re-
peated N = 25 times for each stoichiometric ratio, which
turned out to be a suitable compromise between the con-
vergence accuracy and the numerical effort. The energy
scales of A and B are aligned via the bulk valence band
offset value ∆Evb. Intersite matrix elements between and
A and B are approximated by their arithmetic average.
To emulate the spatial confinement of the approximately
spherical QDs, we set the hopping probability at the sur-
face to zero. This corresponds to a perfect surface pas-
sivation. Strain and relaxation effects are not included
in our TB scheme. This can heuristically be justified
by the rather small lattice mismatch for the material
combinations under consideration (< 3% for CdS/ZnSe,
≈ 4% for CdS/CdSe). Furthermore, the proper inclusion
of bond-length and bond-angle variations into the bulk-
parametrized TB calculations is conceptually difficult for
the surface/volume ratios considered here. We would
have to model the impact of different boundary condi-
tions, e.g., solid-liquid, solid-solid or solid-air interfaces
which has lead to not only ambiguous but even diametri-
cally opposed results for the nature of the strain field in
recent studies on II-VI core/shell systems. A striking ex-
ample is given by the conflicting conclusions by Tschirner
et al. for CdSe/CdS QDs in Ref. 3 (prediction of tensile
strain in shell) and Han and Bester in Ref. 11 (prediction
of compressive strain in shell). These studies also reveal
that the nature of the strain field is heavily dependent
on the exact modeling of the boundary conditions at the
QD surface. Therefore, our pragmatic decision to use
hard-wall boundary conditions and neglect strain effects
altogether prevents the afore cited unresolved ambigui-
ties, but will definitely have an impact on the quanti-
tative accuracy of our results, which cannot be judged
rigorously within our present study. On the plus side,
the computational effort is diminished, as the strain field
and the subsequent corrections to our TBMEs would ad-
ditionally have to be computed for each single realization
of the QDs in the ensemble, alongside a careful testing
and fitting procedure for the distance scaling law of the
TBME.
C. Optical properties
The transition probability for converting a photon into
an electron-hole pair is obtained on the footing of Fermi’s
golden rule,
I(ω) =
2pi
~
1
N
N∑
n=1
∑
i,f
|〈Ψfn|HD|Ψin〉|2δ(Ein − Efn − ~ω),
(1)
where n labels the initial/final states |Ψi/fn 〉 of the mi-
croscopically distinct configurations with energies E
i/f
n ,
~ is the reduced Planck constant, ω the absorption fre-
quency and HD is the light-matter coupling Hamiltonian
in the long-wavelength approximation. In other words,
for each fixed fixed stoichiometric ratio we first calculate
separate I(ω) curves for each of the N = 25 different
random QDs and then superpose them in an attempt to
emulate the spectrum of the macroscopic ensemble. This
also encompasses the model assumption that the indvid-
ual QDs in our in silico computational “sample” do not
interact explicitly by any means.
As we use hard-wall boundary conditions on finite su-
percells12 and a strictly local TB Hamiltonian,13 the ma-
trix elements (MEs) of HD can be unambigously cal-
culated from the MEs of the position operator between
the electron and hole states |ψe/hi 〉 which constitute the
|Ψi/fn 〉,
dehij = e0〈ψei |r|ψhj 〉, (2)
where e0 is the electron charge, r is approximated by the
Bravais lattice operator r ≈∑Rα |Rα〉R 〈Rα|14 and the
|ψe/hi 〉 are constituted by their expansion coefficients in
the TB basis orbitals. This diagonal form of the position
operator is gauge invariant, see, e. g., Ref. 15. Albeit the
short-range contributions from the wave functions do not
enter explicitly, it should be stressed that our approach is
on a higher level of sophistication than the usual multi-
band cell-envelope factorization12 in the envelope func-
tion approximation. In our model, the potential land-
scape of the alloy is resolved in lattice resolution and the
orbital character of the underlying orbitals is also probed.
3Table I. Material parameters that were used to fit the tight-binding matrix elements, including the references. CB and VB
stand for conduction and valence band, respectively.
CdSe Ref. CdS Ref. ZnSe Ref.
Eg bulk band gap (eV) 1.68 6 2.46 6 2.68 7
mc CB effective mass (m0)
* 0.12 8 0.14 6 0.147 8
γ1 VB Luttinger parameters 3.33 8 4.11 6 2.45 9
γ2 1.11 8 0.77 6 0.61 9
γ3 1.45 8 1.53 6 1.11 9
∆so spin-orbit splitting (eV) 0.41 8 0.078 6 0.43 8
Xc1 CB X point energy (eV) 2.94 7 5.24 6 4.41 7
Xv5 VB X point energies (eV) −1.98 7 −1.9 6 −2.08 7
Xv3 (eV) −4.28 7 −4.8 6 −5.03 7
∆Evb VB offset (eV) 0.4 10 0 10 0.35 10
a conventional lattice constant (A˚) 6.078 8 5.825 6 5.668 8
* Free electron rest mass.
D. Coulomb effects and dielectric confinement
Surface polarization effects due to the dielectric mis-
match at the QD boundaries are currently neglected; the
|Ψi/fn 〉 can then in principle be obtained in a basis of
Slater determinants that are constructed from the |ψe/hi 〉
after the corresponding Coulomb interaction MEs have
been computed at a desired level of sophistication (see,
e.g., Refs. 16–18 for a detailed description of a TB-based
approach). This procedure (which represents a simpli-
fied TB treatment of the Bethe-Salpeter equation for
excitons19) was feasible in Ref. 4, where the necessary
number of basis states was significantly lower due to the
focus on a small energy window. Also, the influence of
the additional disorder degree of freedom on the Coulomb
ME had yet to be examined in detail in this paper. How-
ever, for a cardinality of the basis as employed in the
present work, such calculations are still not viable even
with the help of modern supercomputers, as it would
involve the calculation of ∼ 1011 Coulomb MEs per com-
position.
Consistent with the findings of Delerue et al. in
Ref. 20, we will instead make use of a cancellation effect
and calculate the excitonic absorption spectrum directly
in the single-particle basis (i.e., dressed by bulk inter-
actions) without the explicit incorporation of Coulomb
MEs. Their work concentrated on the nature of the fun-
damental gap of Si nanocrystals, where they expressed
the excitonic gap excg (the energetically lowest transition
energy) as:
excg = 
qp
g − Ecoul = 0g + δΣ− Ecoul (3)
Here, the quantity qpg is the quasiparticle gap and E
coul
is the attractive interaction between a quasi-electron and
a quasi-hole. δΣ := qpg − 0g is the self-energy correction
to the “independent particle gap” 0g. The latter is ba-
sically defined by the partitioning of Eq. (3) and can,
e. g., be obtained from an ab initio LDA calculation as
the HOMO-LUMO difference. Within an empirical TB
model, augmented by GW and Bethe-Salpeter calcula-
tions, Delerue et al. then showed that the QD-specific
deviation of the self energy from its bulk value δΣ−δΣbulk
actually cancels with Ecoul for a large range of QD di-
ameters d ≥ 1.5 nm. Furthermore, they showed that the
largest contribution to δΣ− δΣbulk can be interpreted in
terms of classical electrostatics as a surface-induced po-
larization term Σpol ≈ δΣ− δΣbulk which is not included
in a standard non self-consistent scheme like our present
TB model. As a consequence of the cancelling effect, one
is left with
excg ≈ 0g + δΣbulk = e1 − h1, (4)
where e1/h1 are the lowest/highest TB electron/hole en-
ergies of the QD system. The last equation is valid be-
cause δΣbulk = 0 holds in an empirical TB approach,
where the dressed single-particle gap values will effec-
tively contain all bulk-related interactions by means of
the fitting procedure. Also, they found that the results
were transferable to other materials (Ge and C in their
study) and do not change upon the exact treatment of
the surface passivation. It should, however, be pointed
out that their results were obtained for QDs that were
embedded in media with low polarizabilty (e.g. vacuum
or air), where the dielectric constant εout of the medium
is close to unity, while the Si QDs had a several times
larger average polarizability, reflected in a corresponding
value εin.
E. Generality of approach
In Appendix A, we elaborate why we also consider this
approach sufficiently accurate for the present systems un-
der consideration for a discussion of the optical spectrum
4as presented in this paper. Nevertheless, it should be em-
phasized that the the main results of the present work are
of a qualitative nature and do not rely on the full trans-
ferability of the canceling effect reported by Delerue et al.
to our II-VI systems. We also stress again at this point
that our calculations do not use microscopically realistic
surface boundary conditions and neglect strain-induced
effects, which prevents model-intrinsic ambiguities but
hampers quantitatively accurate predictions. However,
as long as the weaker assumptions listed below are valid
(as in detail discussed in the Appendix), we are left with
δΣ − Ecoul ≈ const., resulting only in a phase indepen-
dent constant shift of both the core/shell and random
alloy spectra:
• The macroscopic dielectric response of the
core/shell and randomly alloyed QDs can be de-
scribed by a common ε−1in . Consequently, the
surface-induced polarization Σpol does not depend
on the phase of the QD, as it is a function of
ε−1out − ε−1in .21,22
• The variation of electron-hole Coulomb interaction
MEs upon phase segregation is small on the eV
energy scale that covers the visible range.
Both of these points should actually hold for a broad
class of materials: (i) The inverse macroscopic dielectric
constants of QDs consisting of different miscible isova-
lent compound semiconductors are usually very similar
for small systems. According to Delerue et al.,23 the re-
duction of the screening constant in small crystallites can
then mainly be attributed to the breaking of the polar-
izable bonds at the surface. (ii) The Coulomb interac-
tion MEs are dominated by the strong confinement of
the charge carrier wave functions. Our previous work4,18
has shown that dipole selection rules react sensitively to
alloy-induced disorder, while the electron-hole attraction
is not overly sensible to such perturbations. This will also
apply to small isovalent core/shell QDs with thin shells,
as the confinement of the charge carriers is dominated by
the large (in our model infinite) discontinuity at the QD
boundary and the wave functions leak across the internal
interface.
III. RESULTS AND DISCUSSION
A. Choice of material system and stoichiometric ratios
In the following, we will, for reasons of numerical effort
as well as for the sake of brevity, confine the discussion
to selected realizations with representative stoichiomet-
ric ratios. All QDs have a diameter of 5 conventional
lattice constants a, which corresponds to d ≈ 3 nm for
the material systems under consideration. Throughout
this paper, we will employ a name convention that is de-
rived from the corresponding bulk interface energetics.
A sketch of the respective bulk band line-up (using the
Band line-up scheme of bulk input parameters
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Figure 1. Scheme of the energetic line-up of the bulk conduc-
tion band (CB) and valence band (VB) edges for the material
combinations that are investigated in the present paper, in-
cluding the band gap values (black), conduction band offsets
(blue) and valence band offsets (red).
material parameters from Table I) can be found in Figure
1.
According to Figure 1, the CdSe/CdS core/shell sys-
tem then represents a type-I lineup, i.e., for large enough
systems both the electron and hole states in the vicinity
of the fundamental gap are both predominantly localized
in the core region. In contrast, the type-II CdS/ZnSe
core/shell line-up confines the lowest electron states to
the core and the energetically highest hole states to the
shell region for large enough cores and shells. These fea-
tures are reversed in the type-II ZnSe/CdS system. It
should be noted that another convention is to denote the
line-up characteristics based on the ground state electron
and hole wave function localization, which then intro-
duces intermediate classes (e. g.,“type-I-1/2” or “quasi
type-II” where one of the charges is spread over the QD,
while the other is localized to the core or shell, respec-
tively).24 We prefer the more general bulk-related name
convention as our calculations expand on a bulk band
structure scheme and the carrier overlap naturally enters
the absorption spectrum by means of the dipole MEs,
Eq. (2). Moreover, any of the randomly alloyed QD sys-
tems can anyway only be strictly classified by their pure
bulk constituents’ line-up.
The application-relevant type-I and type-II core/shell
realizations usually exhibit thicker cores and shells than
in the present work (see, e.g., Ref. 25) to enhance their
optical properties. Also, these QDs often exhibit more
or less significant additional modifications like interfacial
alloying or a wurtzite phase.25,26 This will not concern us
here, as we focus on the distinction between alloyed QDs
and their “undesired” segregated core/shell counterparts,
rather than on the simulation of tailor-made core/shell
QDs.
Type-I QDs. We simulate CdSe0.25S0.75 randomly
alloyed QDs and their CdSe/CdS core/shell counterpart,
which corresponds to a CdSe core diameter of 5 a coated
by a CdS shell of a thickness of 1 a (hence one layer of CdS
5unit cells, i.e., approximately 0.6 nm). Both of these sto-
ichiometrically equivalent QD types are in principle ex-
perimentally available27 and relevant for a broad range of
applications.2,4,25,28–31 Specifically, the alloyed Cd(Se,S)
QDs cover the visible spectrum for the size simulated
here. Therefore, they also constitute a suitable bench-
mark system for the predictive power as well as the lim-
itations of our model calculations.
Type-II QDs. Here, we consider two different
classes of stoichiometrially equivalent systems: (a)
Cd0.25Zn0.75S0.25Se0.75 randomly alloyed QDs and their
CdS/ZnSe core/shell counterpart with the same geom-
etry as described above. The former QDs represents
a realization of the quarternary (Zn,Cd)(Se,S) alloy, as
realized, e.g., in Ref.1, while the latter is a promising
candidate for QD lasing.32 (b) Cd0.75Zn0.25S0.75Se0.25
randomly alloyed QDs and their respective ZnSe/CdS
core/shell version, which can be used in photovoltaics33
or as a starting point for electronic tuning upon gradual
interface alloying.34
In all calculations, we use a light polarization along
the [100] direction without loss of generality.For measure-
ments on a real macroscopic ensemble, where all orien-
tations are present, any directional dependence will can-
cel out. In our model calculations for alloys on finite
ensembles, the statistical averaging over the realizations
will approximately have the same effect, whereas in the
core/shell systems the linear optical susceptibility is a
tensor of rank two, of which the matrix representation
has three degenerate eigenvalues in systems with cubic
symmetry. Inversion asymmetry and fine structure re-
lated effects are beyond the scope of the present work
and will not contribute on the scale of energetic resolu-
tion that is discussed here.
All calculations use a broadening of the δ-peaks in Eq. 1
that would correspond to a full width at half maximum
of ca. 120 meV for a hypothetical isolated excitation peak
at energy ei − hj , i, j = const. This exact value had al-
ready been used for the detailed analysis in Ref. 4. The
numerical line broadening will in practice also partially
incorporate a multitude of effects beyond the lifetime of
the transition, e.g., the finite cardinality of the statistical
sample as well as any size and shape fluctuations and un-
certainties that could in principle be included explicitly in
our model but would significantly enlarge the numerical
effort. It should be pointed out that the above mentioned
broadening parameter has not been varied furtherly to
“fine-tune” the individual spectra. Doing so, one could
achieve a better agreement with the experimental line
shapes. However, we refrain from such an approach, as
it would obscure the predictive power and limitations of
our stochastic TB scheme. In contrast, we emphasize
that no additional free parameters beyond the necessary
fitting to bulk electronic properties have been used in our
model.
In the following, we will discuss the optical absorption
spectra for the type-I system and the type-II systems,
respectively. All spectra have been normalized to a com-
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Figure 2. Absorption spectra for CdSe0.25S0.75 randomly
alloyed QDs (solid red) and their CdSe/CdS core/shell coun-
terpart (dashed blue).
mon maximum value, as the quantitative discussion of
relative peak heights is beyond the scope of the present
work. Instead, we will focus on the energy/wavelength
dependence of selected features, in particular the phase
dependent spectral position of the energetically lowest
absorption peak.
B. Results for type-I Cd(Se,S) and CdSe/CdS QDs
CdSe0.25S0.75 vs. CdSe/CdS. The absorption spec-
tra for the CdSe0.25S0.75 randomly alloyed QDs and their
CdSe/CdS core/shell counterpart can be found in Fig. 2.
As depicted in Fig. 3, the energetically lowest absorption
peak for the alloyed QDs can be found at approximately
2.82 eV (440 nm). This is in very good agreement with
the experimental UV-Vis value of 2.88 eV (431 nm) as
obtained from the nonlinear bowing parameter for the
system under consideration.4 Also, the randomly alloyed
QDs show a small shoulder on the red (smaller energy)
side of the second main transition peak that can experi-
mentally and theoretically be attributed to an optically
active alloying-induced impurity band and vanishes for
larger Se contents.4 As additional benchmark for the ac-
curacy of our approach, we use the calculated excitonic
gaps for pure CdSe and CdS (absorption curves not de-
picted here) which are obtained as 2.32 eV (534 nm)
and 3.14 eV (395 nm), respectively. This is in good
agreement (deviation < 0.1 eV) with experimental re-
sults from several studies.4,26 Upon phase segregation
into the core/shell case, we predict a redshift of ap-
proximately −310 meV (+55 nm) for the energetically
lowest transition. Also, the calculated core/shell spec-
trum clearly shows—accompanied by a smaller second
6Figure 3. Phase-related difference of the energetically
lowest absorption peaks for all systems under consideration.
local maximum—a drop in the absorption intensity on
the blue side of the first main transition. Because of
the limited number of distinct realizations and the omis-
sion of effects like size disorder, phonon-couplings and
temperature-induced broadenings, all the smaller peak
variations will not be relevant for the comparison with
an experimental UV-Vis spectrum, which is usually of
a much “smoother” shape. Nevertheless, we think that
this feature might be so prominent that it can also be
found in an experimental absorption spectrum for the
phase-sperated CdSe/CdS system under consideration.
C. Results for type-II (Zn,Cd)(Se,S), ZnSe/CdS and
CdS/ZnSe QDs
The absorption spectra for the Cd0.25Zn0.75S0.25Se0.75
randomly alloyed QDs and their CdS/ZnSe core/shell
counterpart, as well as for Cd0.75Zn0.25S0.75Se0.25 ran-
domly alloyed QDs and ZnSe/CdS core/shell can be
found in Figs. 4a and 4b, respectively.
Cd0.25Zn0.75S0.25Se0.75 vs. CdS/ZnSe. We will
start with a discussion of the former system, of which
the spectrum is depicted in Fig. 4a. In contrast to the
type-I Cd(Se,S) system (where the lines were redshifted
after phase separation), we now find for the lowest alloy
absorption peak at ca. 3.10 eV a blueshift of 290 meV (34
nm) upon separation into the CdS/ZnSe core/shell sys-
tem (see also Fig. 3). Furthermore, the core/shell spec-
trum exhibits a different shape with an emphasized in-
tensity minimum between a prominent first and second
main absorption band, while the alloy spectrum has very
little structure (a quasi-continuous absorption onset) on
the blue high-energy/low wavelength side of the main ab-
sorption band. According to our simulations, both effects
(blueshift and second main absorption band) should be
prominent enough to also be identifiable in a real exper-
imental UV-Vis setup.
Cd0.75Zn0.25S0.75Se0.25 vs. ZnSe/CdS. We will
close with a discussion of the counterpart of the
preceding type-II system. The absorption spectrum
for Cd0.75Zn0.25S0.75Se0.25 randomly alloyed QDs and
ZnSe/CdS core/shell is depicted in Fig. 4b. While in
the preceding two cases, the random alloy and core/shell
cases showed clearly different features, this is much less
the case now. The lowest alloy absorption peak at
ca. 3.00 eV (see again Fig. 3) now shows a relatively
small redshift of 120 meV (18 nm) upon phase separa-
tion. Also, the overall shape of the spectrum is slightly
different, albeit both show local minima that are seper-
ated by the more or less constant small redshift. Nev-
ertheless, the differences are so small that corresponding
predictions will presumably exceed the range of validity
of our models, and would most likely not be identifiable
in real UV-Vis spectra due to the already discussed ad-
ditional effects and uncertainties. Still, the general trend
that we find here might be useful in further studies on
this colloidal QD system.
D. Further discussion
It should be emphasized that the energetic shifts ob-
served here are not of the same nature as the commonly
observed redshifts in many type-II structures that are
induced upon shell growth.35,36 The latter shifts can,
e.g., result from a reduction of the effective band gap,
a change in the work function or, additionally, be strain-
induced. Still, they always refer to the bare core sys-
tem with smaller diameter, while our reference systems
are random alloys of the same overall QD size. A ran-
dom alloy QD often exhibits a much smaller gap than
the linearly averaged (“virtual crystal”) gaps of the con-
stituents due to the considerably large nonlinear bowing
coefficient.4,18 Depending on the materials and sizes un-
der consideration, the redshift that results from an ad-
mixture of small band gap material can be larger than
shifts upon shell growth and/or size variations. How-
ever, the corresponding analysis is beyond the scope of
this paper and will be part of future work.
A further analysis in analogy to Ref. 4, (which is
not repeated here for the sake of brevity) of the wave
functions and oscillator strengths for the here examined
core/shell systems shows that the wave functions signif-
icantly leak across the barrier over the whole QD and,
e.g., in ZnSe/CdS the electron ground state (which is
”CdS shell-like”) has considerable overlap with the low-
est hole states (”ZnSe core-like”) and is optically active.
Therefore, and as already mentioned in Sec. III A, for
such small cores and thin shells, the bulk-derived des-
ignation as type-II or quasi-type-II is here of limited ex-
planatory power for the QD optical properties. Also, we
stress that our non self-consistent method also has inher-
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Figure 4. Calculated absorption spectra for (a) Cd0.25Zn0.75S0.25Se0.75 randomly alloyed QDs (solid red) and the CdS/ZnSe
core/shell counterpart (dashed blue) and (b) Cd0.75Zn0.25S0.75Se0.25 randomly alloyed QDs (solid red) and their ZnSe/CdS
core/shell counterpart (dashed blue).
ent limitations when applied to very small systems. Still,
it should be pointed out that it is always more accurate
than a corresponding multiband effective mass/k · p cal-
culation, as the latter can analytically be proven to be a
limit case of our TB model.5
IV. SUMMARY
In randomly alloyed monodisperse semiconductor
quantum dots, the relative composition of the con-
stituents is a powerful means to continuously tune the
absorption and emission wavelength and further techno-
logically relevant optoelectronic properties. However, the
distinction between real solid-solution like alloy QDs and
phase-separated core/shell QDs—which are technologi-
cally useful on their own, but undesired in some cases—
is difficult and usually requires a combination of rather
sophisticated tools for structural characterization.
In this paper, which represents a considerable ex-
tension of more specialized previous works,4,18 we have
shown that the optical absorption spectrum of small (3
nm diameter) QDs can in principle be used to differenti-
ate a random alloy phase from a stoichiometrically equiv-
alent core/shell phase. Our model calculations are based
on conceptually simple tight-binding calculation, are ex-
act in the substitutional disorder degree of freedom and
inhibit local alloy effects like wave function distortions
and their microscopical impact on dipole selection rules,
as well as nonlinear shifts in the electron and hole quasi-
particle spectra.
Our comprehensive scheme only uses bulk band
structure properties without additional free parameters
and has been applied to calculate the random alloy
vs. core/shell absorption spectrum of one type-I QD
system, (i) CdSe0.25S0.75 vs. CdSe/CdS, and two sim-
ilar type-II QD systems, (ii) Cd0.25Zn0.75S0.25Se0.75
vs. CdS/ZnSe and (iii) Cd0.75Zn0.25S0.75Se0.25
vs. ZnSe/CdS. In particular, we have analysed the
energetic shift of the lowest absorption peak upon phase
change and the overall shape of the low energy/large
wavelength part of the spectrum. For cases (i) and (ii)
we find strong signatures upon core/shell desegregation
that should also be identifiable in realistic experimental
setups. For case (iii), we also find quantifiable finger-
prints, but think that they might be too weak when
compared to the overall accuracy of our method.
To give an outlook, we think that the method em-
ployed here can be a valuable tool to circumvent more
sophisticated structural analysis method for a multitude
of further systems. In the future, it can be applied to
further colloidal QD systems, as well as larger diame-
ters. When additional disorder degrees of freedom, e.g.,
size and shape disorder are applied (as long as the com-
putational effort allows to do so), we expect even more
accurate predictions.
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Appendix A: Dielectric mismatch effects in core/shell and
alloyed quantum dots
Influence of dielectric mismatch. In aqueous solu-
tions εout will be one order of magnitude larger than εin.
As Σpol is predominantly a function of ε
−1
out − ε−1in ,21 the
magnitude of the surface-induced polarization will then
be dominated by QD-specific variations of ε−1in . Whether
or not a properly defined Ecoul will then be subject to
the same cancellation effect is a rather involved question
(and cannot be answered without a self-consistent ap-
proach), but of minor importance for our present paper:
All three binary semiconductor materials CdS, CdSe and
ZnSe would lead to a more or less identical site-averaged
screening coefficient ε−1in ≈ 0.2(2) (see Refs. 4 and 18 and
references therein37,38) for a pure binary QD of the here
examined size. Therefore, any randomly alloyed or core-
shell seperated QD can approximately be characterized
by the same value ε−1in , which results in an identical Σpol
for a given diameter.
Moreover, Σpol and E
coul can still be expected to
approximately cancel for a given microstate, geome-
try and composition, as—in the simplest first order
approximation—both stem from a site average weighted
with the same probability density |ψ(r)|2.21 Within a
multiband effective-mass based approach, it has been
shown in Ref. 39 that the experimentally accessible ex-
citonic gap is only weakly dependent on the magnitude
of the dielectric mismatch at the boundary.
Transferability to alloy and core/shell systems.
Due to the above discussed almost constant ε−1in for all
materials under consideration, we assume the influence
of image charge contributions at the core/shell interface
to be negligible.40 To see whether the cancellation as-
sumption is still valid when comparing the alloyed and
core/shell realizations, we performed test calculations of
density-density like Coulomb MEs41
V ehheijji = 〈ψei |〈ψhj |VCoul|ψhj 〉|ψei 〉, (A1)
where VCoul is the Coulomb operator, for several elec-
tron and hole states and randomly selected single al-
loy microstates, alongside the core/shell QDs. These
MEs constitute the largest part of the the quasi-electron
quasi-hole attraction. Overall, the discrepancy in the
screened Coulomb MEs between the randomly alloyed
and corresponding core/shell QDs is roughly between
0.02 eV (Zn0.75Cd0.25Se0.75S0.25 vs equivalent CdS/ZnSe
core/shell) and 0.05 eV (CdSe0.25S0.75 vs equivalent
CdSe/CdS core/shell), while we estimate the absolute
accuracy of the absorption spectrum calculated in an em-
pirical TB method to 0.1 eV (at most) in this size regime.
Transferability to higher transitions. Although
the results from Refs. 20, 21, and 39 were only obtained
for the energetically lowest transitions of unalloyed sys-
tems, we found the basic conclusions also to be approx-
imately valid for a large part of the spectrum of bound
states of disordered systems in the energetic vicinity of
the excitonic gap (see the discussion in Ref. 4). This can
presumably be traced back to the fact that we use an em-
pirical TB model that does not only reliably fit the Bril-
louin zone center, but the dispersion over the whole irre-
ducible wedge for the optically relevant bands,5,42 which
corresponds to δΣbulk ≈ 0 over the whole first Brillouin
zone. While GW calculations practically yield wave-
vector independent self-energy corrections to the conduc-
tion bands for most semiconductors like Si and GaAs ,43
the proper modeling can be more complicated for the
strongly ionic II-VI compounds examined here for a mul-
titude of reasons.44,45 Within our empirical TB model, we
are not dependent on the validity of any of those assump-
tions and their impact on the calculation of higher transi-
tions in II-VI quantum dots and—if available—can also
incoporate any additional corrections based on experi-
mental findings. On the other hand, the here employed
rather artificial assumption of perfect surface passivation
will have a larger impact on higher excited states, so we
expect our model to be less accurate when the absorption
energies approach the experimentally known ionization
continuum.
Impact of disorder effects to Coulomb matrix
elements. As already discussed in Refs. 4 and 18, the
most prominent consequences of the additional disorder
degree of freedom are (i) the resulting large scattering
of the single-particle energy levels and (ii) the presence
of additional dipole transitions upon the alloy-induced
wave function distortion. The disorder-related scattering
of the Coulomb MEs takes place on a scale of tens of meV
for the sizes under consideration (see Fig. 6 of Ref. 18)
and is thus of minor importance for the discussion of the
visible spectrum on a corresponding energy scale.
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